Abstract: Structural analysis of composite structures subjected to dynamic loads requires detailed knowledge of the mechanical behavior of component materials under high strain-rates. This paper presents the results of tests to investigate the tensile dynamic behavior of a pultruded E-glass/polyester composite used in a steel-less blast protection barrier. The described activity is part of the Security of Airport Structures research project, focusing on structural protection of airport infrastructures against disruptive action. Modified Hopkinson bars and hydropneumatic machine devices were used to conduct strain-rate controlled tensile failure tests on glass fiber-reinforced polymer specimens. The results are discussed and then implemented within a viscoplasticity constitutive model and a strain-rate-dependent failure criterion in order to simulate the exhibited mechanical behavior.
Introduction
Composites are increasingly chosen in a wide variety of structures, in lieu of metals, as component materials suited to providing good mechanical characteristics, lightweight, and high durability. In many such applications, composites are prone to severe dynamic loading, induced by service actions, impacts, or blasts. In such cases detailed investigations about the dynamic structural behavior of composite elements become necessary and advanced knowledge of the constitutive laws of composites represents a critical issue.
In 2007 analysis and monitoring of environmental risk ͑AMRA͒, an Italian research center based at the University of Naples "Federico II," coordinated a research project, funded by the European Commission, namely the Security of Airport Structures ͑SAS͒ project, focusing on designing a discontinuous barrier to protect airport infrastructures from disruptive malicious actions, such as blasts or intrusions. The barrier essentially consisted of tubular elements vertically installed into a concrete base. To achieve both transparency to the electromagnetic waves used in radio communications and high mechanical properties, glass fiber-reinforced polymer ͑GFRP͒ was preferred to steel as component materials of the pipe elements. The designed barrier was subjected to a detailed test program, investigating mechanical properties and radio-transparency of prototypes of the structure.
Within such activities, dynamic characterization of GFRP used in pipe elements was carried out at the DynaMat laboratory of the University of Applied Sciences of Southern Switzerland, conducting dynamic tensile failure tests on GFRP samples at selected strain-rates. The present paper describes results from this phase, whose main objective was to investigate dynamic behavior of the examined composite, in order to account for its strain-rate sensitivity in defining constitutive relationships to be implemented in numerical models.
Indeed, mechanical properties of composite materials are generally affected by strain-rate dependence, as shown in Hsiao and Daniel ͑1998͒, Harding ͑1993͒, Welsh and Harding ͑1985͒, and Sierakowsky ͑1997͒. In particular, the initial Young's modulus and failure stress increase as the strain-rate becomes higher ͑Si-erakowsky 1997; Okoli 2001͒, under both compression and tensile loading conditions. Focusing on GFRP, the available literature describes in detail the effects of strain-rate under compressive loading ͑Gary and Zhao 2000; El-Habak 1993; Tay et al. 1995; Huang et al. 2004͒: it is shown that the mechanical behavior of composites in compression is strongly controlled by resin properties, which appear to be highly strain-rate-dependent. Consequently, a significant increase is generally experienced in the initial Young's modulus, failure stress, and failure strain, under compression.
On the other hand, under tensile loading, GFRP also exhibits sensitivity to the rate of loading, as described in Harding and Welsh 1983 , Makarov et al. 2004 , and Newill and Vinson 1993 . In particular, also in this case, an increase in failure stress and the initial Young's modulus is significant, whereas failure strain decreases as strain-rate increases ͑Majzoobi et al. 2005͒.
Static Characterization of GFRP
Tested GFRP was used in pipe elements of the SAS barrier; it is a pultruded polyester composite reinforced with unidirectional E-glass fibers; the volume fraction of fibers is about 60%. Static tensile failure tests were first conducted to characterize the main mechanical properties of the composite. These tests were carried out on prismatic samples, 3 mm thick, 15 mm wide, and 300 mm high. Six tests were carried out according to ASTM specifications ͑ASTM 2003͒; a universal MTS 810 machine was used, with a load capacity of 500 kN. The displacement controlled test was conducted at a testing speed of 2 mm/min, corresponding to a strain-rate of 10 −4 s −1 . Fig. 1 depicts a specimen during and after the test. All specimens exhibited a linear behavior up to failure. Table 1 reports the main mechanical properties obtained from such tests; an average failure stress of 737 MPa and a Young's modulus of 51 GPa are evidenced.
Dynamic Experimental Program on GFRP
The experimental program consisted of uniaxial tensile failure tests conducted at controlled strain-rate on GFRP specimens, loaded along the fiber direction. In particular, four nominal strainrates were considered: 1, 10, 400, and 700 s −1 . The first and second strain-rate levels can be considered as intermediate strainrates, as those possibly induced by severe earthquakes or low impacts; such strain-rates were obtained using a hydropneumatic machine ͑HPM͒. By contrast, the other two rates can be considered representative of excessively high strain-rate loading, such as those caused by strong impacts or blast actions; such strain-rate tests were conducted via a modified Hopkinson bar ͑MHB͒ apparatus.
Experimental Setup
The tests were conducted on prismatic notched specimens. The weakened cross section was 0.5 mm thick and about 3.5-4 mm wide. The geometry of the specimen is depicted in Fig. 2 . A specific gripping system was also developed, both for HPM and MHB tests, to avoid slipping of samples from testing devices. The system consists of two clamps made of two wedge-shaped elements and a thermally aged maraging steel support. Further details about the test setup using HPM and MHB devices at the Dynamat laboratory are presented in Asprone et al. ͑2009a,b͒, respectively. Fig. 3 shows the HPM setup, whereas Fig. 4 depicts a specimen prior to the MHB test.
Discussion of Test Results
Although several tests were conducted at each strain-rate, many were affected by undesired failure or slipping of the specimen at the gripping zones. Hence, only three tensile failure tests are presented for each considered strain-rate level ͑below referred to as Group A, Group B, Group C, and Group D for target strain-rates of about 1, 10, 400, and 700 s −1 , respectively͒. Each specimen presented a sharp-cut failure, as depicted in Fig. 5 . In the case of intermediate strain-rate tests, performed via HPM, acquired data consist just of stress-time curves, from which failure stress and failure time can be obtained. Indeed, recorded strain values are affected by spurious deformations occurring in dynamometric elastic bars and hence cannot be considered reliable; the same applies to the initial Young's modulus. On the contrary, in the case of high strain-rate tests, conducted via MHB apparatus, acquired data consist of stress-strain curves and stress-time curves, from which failure stress, failure strain, the initial Young's modulus and failure time can be obtained. In these cases, stress-strain relationships of specimens present a slightly nonlinear behavior. Fig. 6 presents stress-time curves for each group, whereas Figs. 7 and 8 report stress-strain curves for Group C and Group D, respectively. In Fig. 6 it can be observed that, in the case of inter- 2 . Geometry of specimens used in dynamic tests mediate strain-rate tests, initial stress is not equal to zero but, before the test starts, the specimen is in equilibrium with a given tensile action, causing an initial stress no higher than 20% of the failure stress.
Results of the conducted tests are summarized in Tables 2 and  3 . It is pointed out that, both in HPM and in MHB tests, strainrates cannot be exactly set before the test starts, but can only be assessed at the end. Hence, for each test, the exact strain-rate is reported. Furthermore, since the literature refers extensively to loading rate rather than strain-rate, in order to enhance data comparability with other articles, corresponding loading rates are also reported.
The data obtained were processed to determine the dynamic increase factor ͑DIF͒ for the main parameters. The DIF is defined as the ratio between the values in dynamic regime and their corresponding values under static conditions; this was performed for failure stress, failure strain and the initial Young's modulus, and allowed a comparison to reference values obtained in static tests. The outcomes are presented in Tables 2 and 3 . An increasing trend with strain-rate is evident for failure stress and the initial Young's modulus; it is pointed out that, in the case of 700 s −1 , DIF reaches averages of 1.90 and 2.78, for failure stress and the initial Young's modulus, respectively. Fig. 9 depicts DIF-strainrate relationships for average failure stress. By contrast, failure strain presents wide variability, which seems unaffected by clear strain-rate sensitivity. However, focusing on high strain-rate tests conducted via MHB apparatus, failure strain may be observed to decrease from 400 to 700 s −1 , which appears consistent with indications from the available literature, predicting a reduction of about 20% from quasi-static conditions to very high strain-rate levels ͑Majzoobi et al. 2005͒. Furthermore, it should be mentioned that variability in experimental data are probably not simply due to variation in fiber volume fraction or fiber misalignment; in fact, for short fiber-reinforced polymers, fibers slipping phenomena and fiber failures can combine differently from the case of quasi-static load conditions, making the macroscopic failure more variable.
Numerical Assessment of Results
Tested specimens exhibited a nonlinear behavior at high strainrate levels, as presented in stress-strain relationships depicted in Figs. 7 and 8. Therefore, a viscoplasticity model appears appropriate to reproduce experienced behavior.
Viscoplasticity theory has been widely used to represent dynamic behavior of composites. First, parametric power laws were developed describing effective stress-effective plastic strain relationships at each strain-rate ͑Sun and Chen 1987; Gates and Sun 1991͒; such approaches need to characterize experimental parameter values for each investigated strain-rate level. More recently, a viscoplastic rate-dependent constitutive model was developed by Thiruppukuzhi and Sun ͑2001͒, considering the effective plastic strain-rate, depending on the angle between fibers and loading direction. The model also provides a failure criterion, which reproduces the effect of strain-rate on ultimate stress. In particular, in this model, strain-rate is directly accounted for and parameter characterization is not necessary for each strain-rate of interest. Specifically, viscoplasticity is introduced through the following expression:
where p = effective plastic strain-rate; p = effective plastic strain; = effective stress; and B, ␣, and ␤ are parameters experimentally evaluated. It is underlined that this model does not need any reference stress; in other words, viscoplasticity contributions to constitutive law need to be computed at each loading rate, without a quasi-static reference response ͑Thiruppukuzhi and Sun 2001͒. This way of considering strain-rate sensitivity differs from other approaches in which a static behavior is defined and then updated in order to account for viscosity enhancements.
For the purposes of the paper, the model is presented here for the case of unidirectional loading and alignment between loading direction and fiber orientation. The complete model is presented in Thiruppukuzhi and Sun ͑2001͒. In the case of monotonic and uniaxial loading applied on the fiber direction, effective stress and effective plastic strain reduce to where x and x p = stress and the plastic strain along the fiber direction.
From Eq. ͑1͒ the following relationship can be derived:
where
and n, , and m are experimentally evaluated parameters. In particular, strain-rate-dependence is controlled by and m, whereas n represents a rate-independent constant. The dependence of both p on and A on p are linear in a bilogarithmic plot. Hence, considering recorded stress-strain relationships for Group C and D tests, best fitting values of n, , and m were evaluated and are 1.76, 1.62ϫ 10 −6 MPa −n and Ϫ0.65, respectively. Using these values, analyticalp curves were evaluated; Figs. 10 and 11 report experimentalp curves for Groups C and D, respectively, plotted in both cases against the numerical curve evaluated considering the average effective plastic strain-rate obtained in each group test.
In order to characterize strain-rate sensitivity of failure stress, the rate-dependent failure criterion proposed by Thiruppukuzhi and Sun ͑Thiruppukuzhi and Sun 2001͒ was also considered. This failure criterion is based on the assumption that rate-dependent behavior would be exclusively due to matrix contribution. In fact, strain-rate enhancement is considered negligible in the case of a load applied along the fiber direction, where mechanical behavior of composite is governed mainly by fiber contribution. In other words, only rate dependence of the polymeric matrix is considered, which becomes significant only in cases of off-axis load direction. By contrast, in the current case, loading direction being aligned with fiber orientation, the matrix contribution can be considered negligible and failure enhancements can be attributed to the contribution of glass fiber.
However, using this failure criterion, imposing an angle between fiber orientation and loading direction equal to zero, the failure condition reduces to
where x represents the stress exerted along the loading direction and k cr ϭcorresponding failure stress, equal to:
In Eq. ͑6͒ k cr,stat represents failure stress under quasistatic strainrate, ϭstrain-rate level, stat ϭquasistatic strain-rate level, suggested equal to 0.0001, and ␥ϭexperimental parameter. Using experimental data from quasi-static tests and dynamic tests, the best fitting value of ␥ was determined at 0.028. Comparison shows that, for tested samples, this approach does not seem to provide a close correspondence between experimental and numerical trends: it implies a linear dependence of k cr on , in logarithmic scale. This does not happen, as clearly shown in Fig.  9 , where the failure stress DIF-curve exhibits a clear slope variation between intermediate and high strain-rates. This behavior is very common for ceramic composite materials, such as concrete ͑Comité Euro-International du Béton 1993; Malvar and Ross 1998͒. In fact, glass used as reinforcing material of GFRP presents a microstructure similar to that of ceramic material. Hence, given that loading is applied along the fiber orientation it could be supposed that the experienced slope variation in DIFcurve can be attributed mainly to glass fiber reinforcement. In other words, the global strain-rate behavior of the investigated composite can be due to the combination of the matrix and glass strain-rate sensitivity; the former is related essentially to viscosity phenomena, whereas the latter, as it occurs for ceramic materials, is due to the combination of viscosity and different microcracks propagation, causing the presence of a slope variation in DIFcurve ͑Malvar and Ross 1998͒.
Finally, it should be pointed out that data from uniaxial tensile tests were used to calibrate a three-dimensional constitutive law, namely that from Thiruppukuzhi and Sun, which is able to take into account also load directions that are not parallel to fiber orientation. In fact, even though plastic potential needs multiaxial tests to be fully determined, Thiruppukuzhi and Sun's model was at any rate used in order to make results available for comparisons with similar investigations conducted on different composites and processed with the same model.
Conclusions
The present paper dealt with the mechanical characterization of a pultruded polyester composite reinforced with unidirectional E-glass fibers under dynamic tensile loads applied along the fiber direction. Strain-rate controlled tests were performed, using HPM and MHB devices, at strain-rates ranging from 1 to 700 s −1 and stress-strain curves were recorded.
Specifically, strain-rate sensitivity was evidenced for high 11 . Effective stress-effective plastic strain curves ͑Group D͒ merical and experimental effective stress-effective plastic strain curves. By contrast, the failure criterion, which presents a failure stress-strain-rate linear relationship in a bilog plot, did not appear suitable to reproduce the slope variation occurring between intermediate and high strain-rates ͑Fig. 12͒. Hence, a different formulation appears necessary; in order to achieve this objective, further investigations are necessary at strain-rate levels between 10 and 400 s −1 , where the slope variation occurs. This experimental study is deemed to represent a fundamental step toward investigating structural behavior of composite structures, subjected to severe dynamic loads. Indeed, results from the activities described herein can be used to define constitutive models of the mechanical behavior of composites that can be implemented within numerical analyses to predict structural response of composite elements subjected to dynamic loads.
